This paper describes the water relations in expanded leaves of Capparis spinosa under natural conditions during summer. Predawn water potential was sustained above -2·3 MPa. The lowering of solute potential may not be attributed to osmotic adjustment, since concentrations of proline and sugars were reduced. Stomatal conductance of leaf adaxial surface was higher than that of the abaxial. At noon, stomatal conductance up to 100 mmol m -2 s -1 was measured concomitantly with turgor loss point. The results indicate that C. spinosa is a stenohydric plant, which during the summer is largely free of competition for water with other species of the Mediterranean region.
Introduction
The study of plant responses to water stress has been a central feature of environmental physiologists' attempts to understand how plants function in their natural environment (Osmond et al., 1987) . Plants either avoid or tolerate periods of drought, often accompanied by high temperatures and excessive irradiance levels (Ehleringer & Cooper, 1992) , through phenological, morphological and physiological adjustments (Turner, 1986) . The water supply in the soil and the evaporative demand of the atmosphere are environmentally determined factors which strongly influence leaf water relations (Terry et al., 1983) . Plants grown in drying soil regulate their water status via numerous tactics, i.e. osmotic adjustment, stomatal aperture, turgor maintenance, root distribution, and leaf canopy properties. For example, stomatal behaviour is a balance between trends that increase conductance, when conditions are favourable for photosynthesis, and those that decrease conductance, when environmental conditions favour high rates of water loss (Schulze & Hall, 1982; Mooney et al., 1983; Davies & Meizner, 1990) .
In the East Mediterranean region the dominant plant life-forms (i.e. evergreen sclerophylls, drought deciduous and seasonally dimorphic shrubs) have developed adaptive strategies to withstand a pronounced dry season (Lange et al., 1982; Margaris & Vokou, 1982; Oertli et al., 1990; Rhizopoulou & Davies, 1991; Christodoulakis, 1992; Kyparissis & Manetas, 1993) . Capparis spinosa L. is one of a few species that grow and flower entirely in summer (Theophrastus 370-285 BC), though, very little is known about its life cycle-related physiological characteristics.
Capparis spinosa (Capparaceae) is a winter deciduous perennial, 20-30 cm high and often over 2 m broad (Meikle, 1977, pp. 172-173) . It is native in the Mediterranean landscape, from Portugal to Egypt (Blakelock & Townsend, 1980) . In Dioscouridis' herbal (De Materia Medica c. 64 AD), it is characterized as a species distinct enough not to be confused with anything else, being referred to with a one-word name 'kapparis' (Raven, 1990) . The plant begins to grow in May by forming new green stems that branch from the base and grow close to the ground, while its ovate leaves start to wilt by September. The flowers open in the evening for pollination and die soon after sunrise (Cornes & Cornes, 1989) . Another striking feature is the deep and dense root system that grows through cracks in rocks, most probably by excreting acid compounds (Oppenheimer, 1960) .
In an earlier report, the response of C. spinosa to drought was investigated under controlled environmental conditions (Rhizopoulou, 1990) . The objective of this study was to examine the long-and short-term variations in water relationships of the expanded leaves in the field, when the foliage is often exposed to xeric conditions. Chlorophyll, proline, soluble sugars and starch content were also investigated. The root system was not examined, as it extended through a rocky substrate from where the collection of specimens was impossible.
Materials and methods
This study was conducted throughout the growing period of C. spinosa, i.e. from May to November (Fig. 1, inset) . The plants grow in open field, near the campus of Athens University (longitude 23° 48·0', latitude 38° 57·5', altitude c. 250 m a.s.l.), in calcareous and shallow rocky soil (Fouseki & Margaris, 1981) . The physiognomy of the ecosystem is dominated by phanerophytes and chamaephytes, the evergreen sclerophylls and the seasonally dimorphic shrubs; in addition, cryptophytes make a considerable contribution to the ecosystem.
Values of precipitation and of air temperature were obtained from a meteorological station, about 5 km away from the research site. The annual rainfall is approximately 540 mm, but only 15-20 mm falls from May through to October (Fig. 1) . Mean monthly temperatures recorded in May are around 25°C, increasing to 33°C in July (Fig. 1) ; however, maximum daily temperatures greater than 35°C are common between June and August.
Leaf sample collection was made on the 15th of each month, early in the morning in order to minimize post-excision evaporative losses, under the high evaporative demand in the field (Henson et al., 1982) . Care was taken to select mature, uniform leaves which have ceased expanding in thickness, i.e. the fifth leaf from the top (McBurney, 1992; Makrypoulias & Psaras, unpublished data) , from non-flowering stems and from randomly selected plants. Predawn measurements of leaf water relations were made throughout the vegetative period of the species. The concurrent daily-course measurements were made periodically at 0800h, 1300h and 1800h solar time, at weekly intervals, during the intensive drought period.
Water potential (Ψ) was measured in 6-mm diameter leaf discs, using C-52 thermocouple psychrometers attached to a microvoltmer (Wescor, HR-33T, Inc., Logan, Utah, U.S.A.). The solute potential (Ψs) was measured on the same leaf discs, after freezing and thawing, using the same technique. The equilibration time, for leaf tissue samples in the psychrometric chamber, was found to be 2 h for each of the water relations' components (Rhizopoulou, 1990; Rhizopoulou & Mitrakos, 1990) . Turgor potential (Ψp) was calculated by difference. The reported values for Ψ and Ψs are the mean of three determinations. Concomitant measurements of leaf relative water content (RWC) were made on rapidly cut leaf discs, from the same leaves used to measure the water relations, according to Barrs & Weatherley (1962) . Leaf stomatal conductance (g), leaf temperature and relative humidity (RH) were measured with an automatic diffusive resistance porometer (Delta-T Devices, Cambridge, U.K.), on leaves adjacent to those used for the water relations measurements. Both leaf surfaces were monitored at approximately the same position along the leaf, assuming a homogenous stomatal aperture. The porometer was calibrated in the field . Impressions of adaxial and abaxial stomatal frequency were determined according to Pallardy & Kozolowski (1979) . The reported values for stomatal conductance, leaf temperature and RH are the mean of 10 measurements and those of RWC the mean of 20 measurements. The area of the next upper and lower leaves from those harvested for the water relations measurements was estimated from the tracing of 30 leaves with a leaf area meter (Delta-T, Area Meter). Chlorophyll was measured according to Linder (1974) and proline using the method of Bates et al. (1973) . Soluble sugars were determined according to Dubois et al. (1956) and starch content using the anthrone method (McCready et al., 1950) , in triplicate samples from dried material of leaves used to measure the area.
Results and discussion
The seasonal variations of predawn water potential and solute potential of expanded leaves of C. spinosa are given in Fig. 2 . The maximum Ψ was recorded in May (-1·3 MPa), therefore Ψ decreased reaching the minimum in August (-2·2 MPa). These values are comparable to the leaf water potential of evergreen sclerophylls during summer (Rhizopoulou & Mitrakos, 1990 ), but more negative than those reported for expanded leaves of C. spinosa grown under controlled conditions (Fitter & Hay, 1987; Rhizopoulou, 1990) . Although Hsiao et al. (1976) proposed generalized threshold values of -1·0 to -2·0 MPa (and lower) for xerophytes, the values of Ψ leaf of C. spinosa are by no means representative of plants grown under semi-arid and arid conditions (Kappen et al., 1972; Merino et al., 1976; Bennert & Mooney, 1979; Evans et al, 1992) and they do not overlap the range given by Richter (1976) for more or less mesophytic shrubs (from -1·4 MPa to -4·3 MPa). Solute potential, varying between -1·5 MPa and -2·7 MPa (Fig. 2) , is comparable to Ψs of xeromorphic perennials (Walter & Stadelmann, 1974; Larcher, 1975) . The minimum turgor (0·02 MPa) was attained in November and the maximum (0·7 MPa) in September (Fig. 2) . RWC values, varying between 87% (May) and 68% (July), were positively correlated with Ψ (Fig. 2,  insets) .
Similar seasonal trends were exhibited by adaxial g and abaxial g; they reached maxima in June-July and decreased thereafter (Fig. 3) . Adaxial g was higher (c. 24%) than abaxial g throughout the growing season. Further, both adaxial and abaxial g declined as leaf area increased (Figs 1 and 3) , which is in agreement with the findings of Meizner & Grantz (1990) for well-watered sugar cane and those of Ren & Sucoff (1995) for well-watered Quercus rubra L. seedlings. Such a difference might be attributed to the stomatal frequency that varied between 140 mm -2 for the adaxial and 110 mm -2 for the abaxial surface, i.e. the adaxial g being c. 21% higher than the abaxial. Characters such as frequency of stomata and size of pores, though, are poorly correlated with the actual conductance (Grantz et al., 1987; Peat & Fitter, 1994) . It is possible that different vapour pressure gradients, between upper and lower leaf surface, influence stomatal aperture and thus g. Stomatal conductance seems to be independent of turgor (Fig. 3, inset) , though turgor is assumed to promote growth.
Leaf water relations and stomatal conductance measured at weekly intervals, on a daily basis and over a 2-month period (mid-June to mid-August) are given in Fig. 4 . During this period maxima of Ψ, Ψs and Ψp were attained mostly in the morning and afternoon and minima at midday (Fig. 4) . In August, Ψs shifted towards afternoon, generating much higher Ψp. However, the scale of Ψ and Ψs values was narrow, during both the short-and long-term measurements, indicating a stenohydric performance by C. spinosa, as stated by Walter & Stadelmann (1974) . Stomata on the upper and lower epidermes responded differently to the diurnal cycle. In the morning, the differences between adaxial and abaxial g were not significant and their minima ( < 50 mmol m -2 s -1 ) were recorded within a leaf temperature range between 23°C to 31°C (Figs 4 and 5 ). At noon, over leaf temperatures from 30°C to 36°C, adaxial g was substantially increased late in June (three-fold higher) and decreased thereafter, whereas abaxial g remained practically constant around 80 mmol m -2 s -1 (Fig. 4 ) throughout the 2-month period. A benefit from high midday stomatal conductance is the lowering of leaf temperature below that of the air. This protects plant tissues from irreversible damage (Gates, 1968; Henson et al., 1982; Lekhak et al., 1987; Hatfield & Burke Castell et al., 1994) . The increase in adaxial g in June was still noticeable in the afternoon (Fig. 4) , while in August a sharp decrease of g on both leaf surfaces might be due primarily to changes in solar irradiance. During late afternoon, when leaf temperature was between 28°C and 36°C, wider fluctuations of g, on both leaf surfaces, were obtained (Fig. 5) . Stomata open in the light as a direct response to solar radiation or, more commonly, under the control of endogenous circadian rhythms (Fitter & Hay, 1987, pp. 128-184) . Increased humidity caused a decline of stomatal conductance in the morning and late afternoon (Fig. 5) , while g seems to be independent of RH at noon. Changes in humidity at the leaf surface alter evaporative demand (Meinzer & Grantz, 1991) . Such trends of stomatal conductance, i.e. the minima recorded in the morning and the midday maxima followed by the afternoon values resembles that of ephemerals. The increase of adaxial g during the hottest time of the day shows that stomata of C. spinosa were open when exposed to dry air. When transpiration rates are large, leaf water potential must be much lower than soil water potential (Terry et al., 1983; Monteith, 1995) . Turner et al. (1985) argued that g may be more closely linked to the water status of the soil than to the water status of the leaf. It seems likely that there was neither restriction in gaseous interchange, nor control of water loss by transpiration, similar to that exhibited by other species in the Mediterranean region during summer (Lange et al., 1982; Tenhunen et al., 1990) . There was apparently no reduction in water supply to the leaves during summer. In addition, amphistomacy is likely to be the most efficient tactic for achieving maximum CO 2 conductance (Mott et al., 1982) . It appears that water was taken up primarily from wetter subsoil, where the dense and deep root system of C. spinosa should have access (Rhizopoulou, 1990) .
Concentrations of chlorophyll and proline are illustrated in Fig. 6 . Reversed seasonal trends were obtained for the maxima in chlorophyll and minima in proline content recorded between July and September. When chlorophyll and proline content were plotted vs. leaf area, the detected regressions show that chlorophyll content was positively related to the increase in leaf area, whereas proline content was negatively related (Fig. 6, inset) . It is widely accepted that accumulation of free proline is one of the most pronounced phenomena under water stress conditions, and our measurements provide further supporting evidence that C. spinosa does not sense any shortage of water (Mohammed & Sen, 1990; Voetberg & Sharp, 1991) . Free proline content was much lower than that detected in leaves of the dominant species at the research site, i.e. the seasonally dimorphic and the evergreen sclerophyll shrubs (Diamantoglou & Rhizopoulou, 1992) . The values of chlorophyll content are the same order of magnitude as those reported in young expanding leaves of evergreen sclerophylls grown in the same environment during March, when soil is moist and water becomes available . Seasonal variations of soluble sugar and starch content are shown in Fig. 7 . The maximum soluble sugar content was observed in May and the minimum in August. A similar trend, but with 40-fold lower values, detected for starch accumulation (Fig. 7,  inset) , does not indicate any conversion of soluble sugars to starch over the drought period. The osmotically active substances, i.e. soluble sugars (Fig. 7 , inset) and proline ( Fig. 6) , reduced during summer hardening, could not be considered as a partial source of osmotica. It seems that an osmotic adjustment mechanism was not detected, mainly because leaf water potentials were not inhibitory for stomatal opening to occur and leaf expansion to continue. The decrease in soluble sugars and free proline, by approximately 15-20%, between June and August, may be related to (a) an increase of assimilate export to the leaves which are increasing in area, as well as to flowers and fruits (Fig. 1, inset) ; and (b) proline translocation to the flowers (we measured 0·6 mmol of proline per gram of pollen dry weight). Late in the season (mid-September to November), after the fruits had matured, less negative values of Ψ and Ψs reappeared concomitantly with an increase in soluble sugars and proline content.
It is intriguing, though, that C. spinosa ceases growth when water starts to become available in the upper soil layers during autumn. In addition to that, the life cycle of C. spinosa seems to be completed in the absence of any periodic source of moisture; because, in the deep horizons water remains nearly constant throughout the year (Larcher, 1975, pp. 134-183) . It is possible that the growth of C. spinosa is related with an endogenous rhythm dependent on photoperiod and temperature. Preliminary results from irrigated plants under controlled environment show that leaf extension and growth ceases when temperature falls below a certain threshold. Further work will be required to fully test this hypothesis.
We thank Mrs M.N. Alyagout for drawing the figures. The financial contribution by the Deutscher Akademischer Austauschdienst to the senior author is gratefully acknowledged.
